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ABSTRACT 


Deoxidation of liquid steel is an important step in 
controlling the quality and grade of steel. The commonly usee 
deoxidisers are Mn, Si, A1 and Ca in the order of increasing 
deoxidising power. The combination of Ito-Si, Si-Ca, Ca-Al etc, 
are used to enhance the deoxidising power of simple deoxidisers 
The product of deoxidation may therefore be a simple or complex 
oxide mixture of MnO, Si02, •AlgO^ and ReO. The formation of 
PeO is unavoidable in most cases. The steel maker is usually 
interested in obtaining low activities in the oxide phase and 
liquid deoxidation products. 

In the present work, computer oriented thermodynamic 
models have been developed to study the deoxidation equilibria 
in various systems. Extensive literature survey has been 
carried out on activity-composition data for the binary and 
ternary slag systems involved. The role of PeO has been 
studied wherever possible. 

The results of simple and complex deoxidation involving 

PeO as a component shows that the equilibrium concentration of 

the deoxidiser is significantly lowered by the formation of 

PeO-M 0 type product. The influence of temperature and the 
X y 

effect of presence of carbon in metal have been discussed. 

The deoxidation involving Mi- Si, Ca-Si, Ca-Al and 
Ca-Mn have been studied with their respective oxides 
H O type) as the complex deoxida.tion products. Prom the 

ir SI 
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results obtained deoxidation powers of the above systems has 
been established. The role of PeO in the above systems has 
been studied. The equilibrium contents of the deoxidisers 
and oxygen dissolved in metal could be found from the slag 
composition of the ternary slag systems (PeO-MnO-SiO^, PeO- 
Ca0-Si02 and PeO-CaO-MnO) using the thermodynamic models 
developed. 



Chapter 1 


GEHSIUI. CONSUERASCIOITS IN SIEB DEQXIDAIION OF SiZEED 


1 . 1 Introduction 

Ihe liquid steel at the end of refining usually 

contains 0.05 to 0.1 percent of dissolved oxygen. It is 

necessary to control the amount of dissolved oxygen as during 

solidification of the ingots or steel castings oxygen and 

carhon in solution may react to give carbon monoxide resiilting 

in the formation of undesirable blowholes. Further, on 

cooling the steel the oxygen comes out of solution as oxides 

of iron, manganese, aluminium, silicon etc., which may be 

entrapped in solid steel as inclusions. These inclusions 

impair the hot and cold workability of the steel and also its 

1 

mechanical properties. 

The solubility of oxygen in liquid iroi^ at the 
melting point, is about O.IS^and it increases with temperature 
according to the equation, 

log(?^oO) = - §11 + 2.734 

In solid iron, the solubility of oxygen tends to be negli- 
gible with increasing purity. Therefore, at the time of 
tapping, the excess oxygen content of the liquid steel must 
be reduced to the desired level to produce the required 
grade of steel (rimming, semikilled or fully killed). The 
removal of oxygen may be accomplished by adding to liquid 
steel those elements which have higher affdnidtjr-far oxygea':* thai 
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iron. This process is known as precipitation deoxidation. 

The dissolved oxygen in steel may diffuse to a suitable slag 
on the steel surface. This is known as diffusion deoxidation. 

The reaction of deoxidising elements with oxygen may 
occur at constant temperature and give primary deoxidation 
products which have greater opportunity to escape from the 
steel melt. Deoxidation reactions may also occur during coo- 
ling of both the liquid and solid steel by virtue of segrega- 
tion of alloying elements, decreasing temperature and decre- 
asing solubility of oxygen. This is called as secondary 
deoxidation. The products of reaction may be entrapped in 

steel as inclusions. The influence of these inclusions on 

3 4 

steel properties are discussed by Kiessling and Pickering. 

5 

1 .2 Effect of Garbon on Deoxidation 

Oxygen solubility in Y-ii’on is around 0.0035^. If 
carbon content is not greater than most of the excess 

oxygen combines with C to form CO. Some of the CO escapes as 
gas while some entrapped in metal compensates solidification 
shrinkage. The gas evolution is small when carbon content 
is greater than 0,1/^, till about 2 °^ carbon after which the 
solubility of oxygen in steel approaches that in solid state. 
In the steel making furnaces the actual oxy’gen content of 
the metal is greater than that in equilibrium with carbon. 

It is found that the equilibrium is approached more closely 
during the transfer of metal from furnace to moulds. This 
may be due to: 
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a) the reduction of ferrostatic pressure and increased 
turbulence promoting bubble formation as metal flows 
to ladle. 

b) the fluxing action of the bubbles of steam formed by 
moisture in the casting pit refractories which rise 
through metal and absorb CO in transit. 

The addition of other deoxidisers suppresses the 
carbon boil. The deoxidation reactions continue at the inter- 
face after the reactions in the bulk metal have ceased. Hence, 
the residual concentration of the deoxidising elements in the 
metal are progressively lowered and the oxygen content incre- 
ases which may recommence the carbon boil. The amount of 

oxygen transferred across the interface per unit time depends 

6 

on total area of interface per unit mass of steel. Bagaria 
has discussed the equilibrium between carbon and oxygen in 
steel. 

1 . 3 Scope of the Present Work 

In the present work, the equilibrium content of oxygen 
corresponding to the equilibrium contents of deoxidisers 
after deoxidation has been evaluated through various calcula- 
tion models. The systems for which the investigation is 
carried out are Al, Si, Mu and Ca as single deoxidisers and 
Si-Mn, Ca-Si, Ca-Mn and Ca-Al as double deoxidisers. The 
following are the assumptions involved; 

a) Only precipitation deoxidation is considered. 

b) The equilibrium is reached aad the kinetic aspects are 
not considered. 
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c) The complex slag formed is a homogeneous mixture of 
the component oxides involved. 

d) The calculation is restricted to the liquid regions of 
the slag systems, that is, the product slag is liquid. 

e) As deoxidation progresses there is no transfer of oxygen 
to the metal through the slag. 

f) The Simultaneous deoxidation "by carlon has not been 
considered. 

g) There is no other impurity other than the deoxidisers, 
carbon and oxygen. 

h) Intermediate compound formation of the slag products 
are not considered, 

i) There exists the formation of FeO which influences the 
equilibria. 

1 . 4 Role of Wustite 

ferrous oxide is a non-stoichiometric compound and 
' its composition is stated as v\rhere x ranges from 0.97 

to 1.0, The fe-O phase diagram shows that values of x in 
equilibrium with liquid iron is 0.97 at 1500°C and 0.98 at 
1600°C. The value of x is also a function of oxygen potential. 
In a complex slag, oxygen potential decreases with decrease 
in the activity of PeO. Since the variation in x is small, 
the equilibrium oxygen content is affected only marginally . 

In the present work, a constant value of x = 1 , has been 
used. The errors arising due to this assumption are much 

I 

less than the uncertainties in the reported values of acti- 
vity of PeO itself. 
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1 .5 Compilation of Tliermod.vnaiiiic Data 


Ihe equilibrium constants used in the present work 

are those compiled by Ghosh et al'^ (Table 1). The interaction 

8 

parameters values are taken from Sigworth and Elliott (Table 


2), except for the values of and which were not 

reported by them. The values of 3nd suggested by 

various authors are compiled in Table 5, which show large 
variation. 

9 Ca 0 

Sponseller and Plinn obtained = -1.4 and = 

-3.6, Kobyashi et al^^ have reported values of e^^ = »1550 
and = -535. Paulring and Ramalingam^ in their study on 
calcium based complex deozfcLdauion reported that the use of 
high interaction parameter values of Kobyashi gave weight per- 
cent oxygen values that were significantly greater than the 

henrian activity of oxygen. Although they recommended the 

Ca - ■ - -0 

'0 

of weight percentages and have expressed all their results in 

1 2 

henrian activities. later work by Gustafsson et al recom- 
mend = -62,0 for calcium contents between 20 and 170 ppm. 

They suggested variation of interaction parameter values 


use of o'X” = -1.4 and = -3.6, they avoided the calculation 


with concentration of calcium. 

In the present work the recommended values of 
Sponseller and Plinn^ have been used. 



Table 1 


VALUES OE EQUILIBRIUM! CONSTANTS EOR x M + y 0 = K^Oy 
TYEE REACTIONS 


Elenent 

Assumed deoxida- 
tion product 


Ee 

EeO(s) 

- S + 2''734 

ly&i 

MEaO(s) 

- + 4.526 , 

Si 

Si02(s) 

- + 10.27 

A1 

Al20^(s) 

- + ‘‘7.74 

Ca 

CaO(s) 

” 7-56 


Table 2 


VALUES OP INTERACTION PARAMETERS 


d 

i 

m 

Si 

A1 

Ca 

0 

c 

Ml 

-0.0029 

0.065 

— 


! 

O 

-0.108 

Si 

0.002 

0,11 

0.058 

-0,067 

-0.23 

0.18 

A1 

0.0065 

0.0056 

0.045 

-0.047 

-6.6 

0.091 

Ca 

- 

-0.097 

-0.072 

-0.002 

* 

-0.34 

0 

-0.021 

-0.131 

-3.9 

* 

*-0 • 2 

-0.45 


* Refer Table 3 




laMe 

VALUES OP Ca-0 DTIERACTION 
VARIOUS WDHKERS 


S.No. 

®0 


1 

-1 .4 

-3.6 

2 

-535.0 

-1330.0 

3 

-24.75 

-62.0 

4 

-150.0 

-375.75 


7 ^ 

2 

PARAMEIBRS EEPORIBD BY 

Reference 

Sponseller and Pllnn^ 
KoUyashi et al^° 

12 

Gustaffson and Mellberg 

n t» - , 



Jable 4 

4.CTr7ITY-C0MP0SIiriQN DAIA POR PeO-SiOg SYSTBr-l AT 1350 ®C 


S.No. 

^SiOg 

^PeO 

^SiOj 

1 

0.267 

0.420 

0.920 

2 

0.235 

0.473 

0.773 

3 

0.211 

0.545 

0.640 

4 

0.181 

0.643 

0.428 

5 

0.143 

0.740 

0.294 

6 

0.111 

0.845 

0.185 

7 

0.078 

0.908 

0.131 

8 

0.060 

0.933 

0.108 

9 

0.038 

0.948 

0.091 
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Chapter 2 

DEOXIDATIOIT EQUILIBRIA IRVOLVIRG PeO-M^O,r 
iM—'ifa: si". E Ca^ roE SUSS 

2.1 Introduction 

In this chapter, thermodynamic calculation models 
have been developed to study the deoxidation equilibria between 
the deoxidants and oxj^gen in steel when complex slag of the 
type PeO-I^Oy (M = Mu, Si, Al, Ca) foims. The results obta- 
ined are compared with that of simple deoxidation giving the 
respective oxides as the deoxidation product. The calculation 
models in the present chapter require the slag activity data 
for the slag systems FeO-M^Oy and hence a thorough literature 
survey was carried out. 

2.2 Choice of Activity Bata 

Depending upon the oxygen content of liquid steel, 
the deoxidation by single deoxidisers may result in complex 
slags FeO-M^O^ of varying composition. It is therefore nece- 
ssary to examine the activity data available for FeO-M^Oy. 
system. 

2.2.1 System FeO-MiO 

The system FeO-MnO is generally accepted as an ideal 

system and the same is assumed in the present work. There 

are very few reported variation ffom ideality. Fischer and 
1 3 

ELeischer> determined the activity of MiO using MnO crucible. 
The results showed a non- ideal behaviour. Experimental 
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1 A 

results "by Pisclier and Bardenlieuer ^ were found to be scatt- 
ered between the activity data of the previous work and ideal 
behaviour. Schwerdtfeger and Muan reported that activities 

of and MnO exhibit positive deviation from Raoult’s law 

1 6 

when solid solution is formed. Turkdogan has performed 
deoxidation equilibria calculations on manganese assuming 
ideal behaviour of PeO-I/ihO. 

2.2.2 System feO-SiOn 

This system exhibits a marked negative deviation from 
ideality. Schuhuman and Ensio^ have obtained activity of 
feO in their experimental study with pure feO (liquid) in 
equilibrium with Y-iron as the standard state. They observed 
that the activity of FeO is not a function of temperature. 
Michal and Schuhuman^® in their study with silica saturated 
iron silicate slags were also able to calculate activity of 
PeO. Turkdogan and Pearson reviewed the work of Schuhuman 
and Ensio and suggested that activity of PeO depended upon 
the temperature and that beyond 0.75 %e0' "^PeO ^ could be 
doubted. They recalculated the activity of PeO in slag by 
dividing the equilibrium oxygen content of liquid iron with 
oxygen content of iron in contact with wustite at the same 
temperature. They suggested that as temperature increases 
the deviation from Raoult's law decreases. The silica acti- 
vity calculated showed positive deviation.' 

Bodsworth^^ equilibrated Hg/steam mixtures and 
molten slags in solid iron crucibles and found that activity 
of PeO is not a function of temperature and that it exhibits 
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negative deviation from ideality throughout the concentration 
range. The activity of PeO is closer to that recorded for 
activity of MnO in binary melts. However, Bodworth^ suggogta that 

Pe0-Si02 system behaves ideally above 1600° C temperature. 

21 

Elliott supported the conclusion drawn by Turkdogan and 
Pearson. Turkdogan recalculated the activity of PeO at 
1600°C by using the data of Schuhuman and Ensio by a theoreti- 
cal approach. The standard state employed was liquid iron 
oxide in equilibrium with pure liquid iron and pure liquid 
silica. The dependence of activity of PeO on temperature was 
reemphasised. Banya et al in their study with H2/H20/ir 
gas mixture on equilibration wixh Pe0-Si02 slags at 1400°C 
observed that the temperature dependence of activity of PeO 
is not significant. They further found that log Yj,gQ is 

inversely proportional to temperature and using this depen- 
dence obtained data for activity PeO at 1600°C. In the 

17 

present work the data of Schuhuman and Ensio» at 1350°C has 
been used because of the. reliability of their results. The 
data is compiled in Table 4. 

2.2.3 System Pe0-Al2 0- 

Very limited data are available on the variation of 
activity of PeO with composition due to the small region in 
which the liquid deoxidation products are formed. Banya et 
al^^ in their study of equilibration of H2/H20/Ar gas mixture 
with PeO-ilgO^ slag obtained tha activity of PeO. It was 
observed that the activity of PeO exhibited negative devia- 
tion from Raoult’s law. They compared their results with 
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Table 5 


ACTIVJTY- 

■COMPOSITION 

DATA POR PeO-AloO, 

^ 3 

SYSTEM AT 1400®C 

S .No , 


^PeO 

^11203 

1 

0.080 

0.889 

0.0195 

2 

0.085 

0.891 

0.0187 

3 

0.070 

0.895 

0.0168 

4 

0,090 

0.897 

0.0145 

5 

0.095 

0.906 

0.0145 

6 

0.100 

0.920 

0.0146 

7 

0.060 

0.909 

0,0140 

8 

0.075 

0.891 

0.0111 

9 

0.065 

0.901 

0.01 11 

10 

0.055 

0.919 

0.0104 

1 1 

0.050 

0.929 

0.0851 

12 

0.040 

0.951 

0.0795 

13 

0.045 

0.940 

0.0699 

14 

0.035 

0.962 

0.0452 

15 

0.030 

0.973 

0.0221 

16 

0.025 

0.982 

0.0165 

17 

0.020 

0.989 

0.01 34 

18 

0.015 

0.995 

0.0092 

19 

0.005 

0.999 

0.0074 

20 

0.010 

0.998 

0.0065 
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Maruhashi at 1560°C and found a large variation. In the 

22 

present work, the results of Banya has been used since the 
results of Maruhashi are not availahLe for critical assess- 
ment. She data is compiled in Table 5. 

2.2.4 System PeO-CaO 

This system exhibits negative deviation from ideality. 

Elliott^”^ estimated the activity of BeO as a function of 

mole fraction by a theoretical approach assuming that there 

was no intermediate compound formation. On extrapolating 

Taylor and Chipman's data over the entire concentration range 

they found negative deviation from ideality for the activity 

curves of BeO and CaO, The standard state used was lime 

saturated slag. Banya et al equilibrated H2/H20/Ar gas 

mixture with BeO-CaO slags and obtained results in close 

agreement with those of Chipman, Their experiments were free 

from crucible contamination. Iwase et al employed solid 

electrolyte to find the activity of BeO in BeO-CaO slag system 

in equilibrium with liquid iron. Their results generally 

agreed with those of Banya et al, but for a alight increase. 

23 

In the present work the data from Iwase et al have been used 
because there is no crucible contamination in their work and 
the inaccuracies due to chemical analysis were much less. 

The data is compiled in Table 6. 

2,3 R egions of Phase Diagram Considered _f or Thermodynamic 
Calculation of BeO-M^ fr ^-^Systems 

The phase diagrams of the various BeO-H^Oy, systems 
are given in Bigure 1 to Bigure 4, The thermod 3 maniic 
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Table 6 


ACTIVITY- 

COMPOSITION 

DATA POR PeO-CaO 

SYSTEM AT 1400®C 

S.No. 

^CaO 

®PeO 

®CaO 

1 

0,00 

1 .000 

0.00 

2 

0.05 

0.965 

0.05 

3 

0.10 

0.925 

0.11 

4 

0.15 

0.875 

0.20 

5 

0.20 

0.810 

0.32 

6 

0.25 

0.740 

0.45 

7 

0.30 

0.655 

0.61 

8 

0.35 

0.555 

0.83 

9 

0.36 

0.525 

0.90 

10 

0.40 

0.525 

0.90 




Table 7 

LIQUID RiNGB IN ^'eO-J^Oy SYSTEMS 


1 

>• 

h. 

System 

Temperature 

®C 

Liquid range in 

Prom To * 

Figure 

1 

PeO-MtiO 

UOO 

0.0 

7 

1 



1500 

0.0 

24 




1600 

0.0 

40 


? 

PeO-SiO^ 

1350 

5.0 

38 

2 



1400 

0.0 

40 




1500 

0.0 

43 


5 

Pe0-Al20j 

1400 

0.0 

8 

3 


PeO-CaO 

1400 

0.0 

33 

4 



FeO- Mole froclion MnO — MnO 



FeOn Weight "/o MnO — MnO 


Fig . 1 , Phase diagram for system FeO— MnO 




Temperalure. ®C 



f 



15 <x 
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calculation are restricted to the regions where the deoxida- 
tion products, PeO-M 0,. are in liquid state. The slag compo- 
sition range used for the particular temperature at which 
the analysis has been carried out for different systems has 

been compiled in Table 7. 

2 . 4 Thormod.vnamio Models 

2-4.1 Thermodynamic model for deoxidation bv nanganese 
The basic reactions taking place are 

Ee + 0 = EeO(s) (l.1) 

Mn + 0 = MaO(s) (1.2) 


The equilibrium constants for the above reactions may 
be written as, 

a. 


K. 


■Pe 




*PeO 


Te 


Since iron is the solvent a-™^ £* 1 

Pe 


a 


K 


Pe 


PeO 




and 


K 




ML 


^Mn ^0 


(T.3) 

( 1 . 4 ) 


The equation for and as functions of temperature are 
given in Table 1 . 

Since the PeO-MnO slag behaves ideally. 


^PeO ^PeO 


(1.5) 


and 





Itom (i , 1 ) to (i .5) 


TY 


r _ (bm) 


It is known that 


^FeO ^MnO “ '' 


From (1..6) and (l.7), 


Z. 


^Mn^Mn 


iyinO Kpg + 


( 1 . 6 ) 


(l’.7) 


(1.8) 


From (1,4), (1.5) and (1.8) substituting for Xj^q, 

1 


hr 


(Kj,g +' 


^]yh “ WMirv. 

A) = ^0 wo 


where , 


^Mn " 


( X Wlfc + X wo + X wo) 


0 

WO 


lo( X Wki + ■ X ¥C + Gq X WO) 


C 


. 0 


f o'( 


(t.9) 


(f.io) 


( 1 . 11 ) 

( 1 . 12 ) 

(t. 13 ) 


For fixed values of temperature, WC, WMn aod using 
equations (1.10) to (1.13) the ¥0 values could be calcula- 
ted. luring the initial stages of caiculation (©^ x WO) 
and (sq X ¥0) terms are assumed zero. But after calciiLation 
of ¥0 by equation (1.13) the values are iterated back to 
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refine f^^ and f^ till the successive value of WO converged 
with less than 0.5?^ error. 

2.4.2 Thermodynamic models for deoxidation bv silicon 

Two thermodynamic models were developed for this 
system. Model 1 employs the same procedure of calculation 
as adopted by Bagaria^. Model 2 is an improvement over 
model 1 , 


Model 1 

The basic reactions taking place are. 

Be + 0 = BeO(s) (2.1) 

+ 20 = Si02(s) (2.2) 

The equilibrium constants for the above reactions 
may be given as 




Since iron is the solvent 1 . 




^BeO 

^SiO^ 


(2.5) 

(2.4) 


The equations for and as functions of temperatures 
are given in Table 1 . 

The slag activity data for the system BeO-SiO^ is / 
compiled in Table 4. Bor any fixed temperature between 
1350®C and 1550°C, and for a given slag composition using 



I y 


the actiTity of feO (^ipeQ) equation (2.3) the hQ value was 
calculated. Using the corresponding value of activity of 
Si02 ) in equation (2.4), hg^ was calculated. Now, 


log hg^ = log WSi + SgJ X ¥Si + Sg^ x WC + Sg^ x WO 

(2.5) 

log hQ = log WO + Cq^ X WSi + Cq X WC + Cq X WO (2.6) 


for a fixed WC, it is possible to solve equations (2.5) and 
(2.6) for WSi and WO simultaneously using Newton-Raphson ’ s 
technique in a matrix formulation using the procedure adopted 
by Bagaria^. 


Model 2 

from the activity- composition data for feO-SiOg 
system, Table 4, fifth order polynomial regression equations 
were obtained between the following quantities, 

^2 

log(-i:§a_) Versus log Xg 

^SiOg ^^^2 

a? 

log(“^^^^^) Versus log ac-.^^ 

^Si02 2 

a^ n 

log( ..xg i l- ) Versus log a„ q 
^S i02 

The regression equations fitted well with the actual data 

with error less than 1 ^. 

from equations (2,3) and (2,4) 

2 ^2 

^feO _ ^ fe ^ J _ 

^SiOg ^Si ^1 


(2.7) 
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h, 


Si 


WSi X 


( 2 . 8 ) 


liirther. 


■Si 


= 10 


(egf X WSi + x WC + x WO) 


(2.9) 


•0 


(e^^ X WSi + X WC + x WO) 

= 10 ° ° “ ( 2 . 10 ) 

Por a given value of temperature ("between 1350°C and 
1550°C), WC and WSi, fg^ and f^ can "be calculated using 
equations (2.9) and (2.10). Initially the terms (e°j_ X WO, 
and (sq X WO) are assumed to he zero. The hg^^ can he calcu- 
lated using equation (2.8). The values of Kpg» 21g^ and hg^ 

2 

in equation (2.7) gives (^peo^^SiO Corresponding to the 

2 ^ 
log(apgQ/ag^Q^), the values of log(Xg^Q^), log(ag^Q^) and 

log(apgQ) can he found using the regression equations, Prom 


apgQ, ag^Q 


and ^ 3 j_Q are found. 


2 ^-^^2 
Considering the equations (2.2) and (2.4) 


h' 


0 


^Si02 
^Si ^Si 


Since 


h, 


0 


WO X f , 


0 


(2.4) 


( 2 . 11 ) 


Prom equations (2,4) and (2.11) 


WO = ( 


••SiO. 


1/2 


*^31 4 


) 


( 2 . 12 ) 


The WO obtained from equation (2.12) is iterated hack to 
refine fg and fg^ till two consecuti-ve values of WO agree 
with less than 0.59^ error. 
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2-4.3 Jlieriaod.vnamic models for deoxidation br aluminium 

The two thermodynamic models developed for Pe 0 -Si 02 
were applied here on the same lines to the PeO-AlgO^ system. 

Model 1 

The hasic reactions are 

Pe 4 - 0 = PeO(s) (3.1 ) 

2^+30 = Al^O^Cs) (3.2) 


The equilibrium constants of the above reactions may be given 
as 


K. 


^PeO 


' 1^0 ^Pe 


Since iron is the solvent aj,g ri: 1 


K 


■Pe 


PeO 


h, 


0 


K 


'AL 


“T“”3 

^11 


(3.3) 

(3.4) 


The and are given as a function of temperature in 
Table 1 . The slag activity data for PeO-ilgO^ system is 
given in Table 5 . Por the reported temperature of slag 
activity data and for a fixed slag composition using the 
activity value of PeO in equation (3.3),' the hQ value can be 
found. Prom the, corresponding activity of 412^3 equa- 
tion (3.4), the h j^i value can be found, Now 

log hjp_ = log Wil + e^ X VAi + e^ x WC + e^ x WO (3.5) 
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log hQ = log WO + X Wil + Oq X WC + Oq X WO (3.6) 

Por a fixed value of WC, it is possible to solve equations 
(3.5) and (3.6) for WAl and WO simultaneously using Newton- 
Rapbson’s technique as discussed earlier in Section 2,4.2, 
Model 1. 


Model 2 

Prom the activity composition data for PeO-AlpO^ 
system. Table 5, fifth order polynomial regression equations 
were obtained between the following quantities, 

log( --^Q" ) Versus log I,. . 
a5 

log(“-^^) Versus log a^, q 
a5 

log Versus log a^ ^ 


The regression equations fitted well with actual data with 
error less than 1fc. 

Prom equations (3.3) and (3.4) 


PeO 

_ (gES.) 

1 

(3.7) 

^^2^3 

il 

II 

WAl X f ^ 


(3.8) 


Purther, 


(e^ X Wil + e^T X WC + x WO) 
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^ + ©0 X WO + 60 X WO) 


C 


■0 


(3.10) 


Por the temperature reported in the slag activity data and 
an initial value o£ ¥C and Wll, the value of f^ and fQ are 
calculated using equations (3.9) and (3.10). Initially the 
terms (e_^ x WO) and (oq x ¥ 0) are assumed to he zero. The 
h_^ is calculated using equation (3.8). The values of Kp^, 

and h^ xn equation (3.7) gives ( apeo/a_^ q ). Correspon- 
ding to the ^ using the regression equations 

^PeO 0 found. 

2 3 


11303^ 


Considering equations (3.2) and ( 3 . 4 ) 

.,3 _ 


"0 


It is known that 


^■Al ^Ai 


(:.4) 


h, 


0 


¥0 


X f 


0 


(3.11) 


Prom equations (3.4) and (3.11)^ 


¥0 = ( 


K u2 »3'^ 

41 V ^0 


( 3 . 12 ) 


The ¥0 obtained from equation (3.12) is iterated 
back to refine fQ and f^ till two consecutive values of ¥0 
agree with less than 1% error* 


2.4.4 ThermoteaM.c mq ^ls for deoxidation bv calcium 

The two thermodynamic models developed for the PeO- 

Si02 and PeO-41203 systems were applied here on the same lines 
to the PeO-CaO system* 
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Model 1 

llie basic reactions taking place are, 

Fe + 0 = FeO(s) (4.1 ) 

^ + 0 = CaO(s) (4.2) 

The equilibrium constant of the above reactions may be given 
as, 





Since iron is the solvent a^^ — 1 




K 


Ca 


h 


^OaO 
Ca 0 


(4.3) 

(4.4) 


The and are given as functions of temperature in 
Table 1 . The slag activity data for FeO-CaO system is given 
in Table 6. For the temperature reported in the slag activity 
data and for a fixed slag composition, using the activity 
value of FeO in (4.3) the hQ value can be found. From the 
corresponding value of activity of CaO and equation (4.4) 
the h^g^ value can be found. Now 

log h^^ = log WCa + e^^ x WCa + e^^ x WC + e^^ x ¥0 (4.5) 

log hp = log WO + X WCa + Oq x WC + Sq x WO (4.6) 

For a fixed value of WC, it is possible to solve equations 
(4.5) and (4.6) for WCa and WO simultaneously using Newton- 
Raphson's technique as discussed in Sections 2,4.2 and 2.4.3, 
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Model 2 

I'rom the activity composition data of FeO-CaO system 
'Table 6, seventh order pol3momial regression equations were 
obtained between the following quantities 

log(”^^) Versus log Xp _ 

®CaO 

log(-^^) Versus log a^^p 
^CaO 

log(^^^) Versus log aj,^^ 


The regression equations fitted well with the actual 


data with error less than 1^. 


From equations (4.3) and (4.4) 


^FeO _ JL. 

^CaO Oa 

(4.7) 


(4.8) 


Further, 



10 


(e 


Ca 

Ca 


10 


(e 


Ca 

0 


X WCa + X WC + X wo) 
X WCa + eQ X WC + Sq X WO) 


(4.9) 

(4.10) 


For the temperature reported in the slag activity 
data and an initial value of WC and WCa, the values of 
and fQ are calculated using equations (4.9) (4.10). 

Initially the terms (sq^^ x WO) and (sq x WO) are assumed to 
be zero. The hQ^ is calculated using equation (4,8). The 
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values of and in equation (4.7) gives ^peo^^CaO* 

Corresponding to the losCa^gQ/aj^g^Q) , using the regression 

equations, ^PeO ^'CaO found. 

Considering equations (4.2) and (4.4) 


h, 


0 


It is known that 


^CaO 

^'c?Ca 


ho = » X fo 

from equations (4.4) and (4.11), 


V/0 = ( 


TaO 


^Ca ^Ca ^0 


) 


(4.4) 


(4.11) 


(4.12) 


The WO obtained from equation (4.12) is iterated back to 
refine fQ and f^^ till two consecutive values of WO agree 
with less than ^’fo error. 

In the above calculation procedure, the e^^ and e^^ 

9 

values used are those of Sponseller and flinn. Due to the 
uncertainty of the Bq and e^^ values, the above model was 
altered to give the henrian activity of oxygen, hQ, correspon- 
ding to an assumed henrian activity of calcium^h^^. This is 
accomplished by using equations (4.7) and (4.5) along with 
the regression equations. 


2.4.5 Discussion on the calculation models 

(i) Computer programs for both the models in Sections 

2.4.1 to 2.4.4 were made in fORIRM 17 language and 
run on the DEC1090 computer system at I.I.ID., Kanpur. 
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(ii) Model 1 requires large number of data points of the 
slag activity to compute WO and WM (M = Si, il, Ca) . 
She value of h.Q is fixed by Model 2 is more 

flexible since it can evaluate WO for any initial WM. 
(iii) Model 1 involves solving transcendental equations 

simultaneously by Newton-Raphson’ s technique. Model 2 
avoids this procedure and converges faster. 

(tv) In Model 2, regression equations were used and these 

equations fitted well with experimental data with less 
than ^‘fo error. 

(v) In Model 2 , the regression equations have been obta- 
ined through the use of system subroutine B02ACI' from 
RAG subroutine library. Ihis subroutine works only 
when the values on the abscissa are in strictly 
increasing mono tonic sequence. 

2.5 Results and Discussions 

Ihe results for daipxidation with manganese, for both 
simple (pure MnO as product) and complex deoxidations (BeO-MnO 
as product), are presented in Rigure 5. It may be observed 
from this figure that equilibrium oxygen increases with 
increase in temperature for a fixed carbon content. With 
increase in carbon content the equilibrium oxygen increases 
at a given temperature. If one assumes the formation of ReO- 
MiO as the complex deoxidation product the corresponding 
equilibrium oxygen, when compared with pure MnO as the deoxi- 
dation product, is lower. This would be evident by comparing 
the broken curve with the continuous curve. 



M LO o O Lf> O 

Iq ro cn ^ ^ 

^ ubSAxq pd JM 




29 


The deoxidation equilibria with silicon, assuming 
SiOg and i'e0-Si02 slag is given in Figure 6. As explained in 
Section 2.2.2 many workers have reported that the activity of 
FeO in system FeO-SiOg may not vary significantly with temp- 
erature. Hence the same set of activity data have been used 
for teEiperatures between 1350®C and 1550°C. At 1600°G and 

above, ideal behaviour may be applied to the system suggested 
c , however , 

by Bodsworth. But it was^not possible to obtain a simple 
equation of oxygen dependence on weight percent silicon as was 
the casef or manganese, equation (1.13) in Section 2.4.1. If 
one compares the equilibrium silicon for a given concentration 
of oxygen in Figure 6, it would be clear that for the pro- 
duct FeO-SiOg the equilibrium values are lower by a factor 
of lOOOagainst the case when pure silica forms. 

The deoxidation curves for aluminium are given 
in Figure 7. It may be observed that the curve for simple 
deoxidation (pure alumina as the deoxidation product) is 
smooth whereas there is scatter in the results obtained with 
FeO-AlgO^ as the deoxidation product. The scatter may be due 

to the inaccuracies in the experimental data reported by 
22 

Banya et al. The Figure 7 shows' that the equilibrium 
aluminium jp, is considerably lowered when complex 

FeO-AlgO^ type slag forms. However, there is a very limited 
range in which the calculation could be done for the case 
when liquid Fe0-Al20^ product forms. 

In the case of deoxidation by calcium the results 
are shovm. in Figure 8 where the henrian activity of calcium 
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has "been plotted against the henrian activity of oxygen. It 

was possible to calculate the weight percent oxygen corres- 

Ca 

ponding to weight percent calcium only when Sq =-1.4 and 

«0a = The values reported by Kobyashi et al^^ = 

-535 and eQg^ = -1330, lead to negative concentrations of 

calcium by Model 1 . When Model 2 was used the f^ value in 

equation (4.10) progressively decreases in each step of the 

iteration to refine the f^ values. This lead to higher 

values of oxygen in equation (4.12) ...■ 

1 1 

Paulring and Ramalingam came across a similar 

1 0 

difficulty, Jiobyashi et al has obtained one set of experi- 
mental data on calcium-oxygen equilibria. They observe that 


the deoxidation power of calcium has been hardly estimated 
due to the deoxidising action of other elements. They studied 
the dependence of oxygen in metal against the effective amount 
of calcium added. It showed linearity in the range of high 
oxygen content [0] > 150 ppm and exponential relation in the 
low oxygen range [0 ] <100 ppm. The simple deoxidation equi- 
libria calculation for this system gave a straight line with 
large negative slope instead of the exponential variation. 
Hence it was not possible to compare it with calcium deoxi- 
dation producing leO-CaO slag. The results of the PeO-CaO 

system showed that the henrian activity of calcium decreased 

10 

drastically when compared to that of Kobyashi et al. 

In the case of calcium and aluminium it was not 


possible to study the effect of temperature due to the lack 
of slag activity data at various temperatures. 




equilibria in liquid steel. 
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Chapter 3 

THERMODHTAMIC EQUILIBRIA lU Ca-Si. Ca-ai 

AKD Ca-l'ti WOXIDATroF' 


3.1 Introduction 

In this chapter the deoxidation equilibria in systems 
Be-Iin-Si-O, Ee-Ca-Si-0, Ee-Ca-il-O, and Pe-Ca-iy&a-O have been 
studied. In the case of Be-jyBi-Si-O and Pe-Ca-Si-0 it was 
possible to study the effect of PeO as well, Por Pe-Ca-AL-0 
systems the study is limited to the CaO-AlgO^ slags only, 
Purther, in the case of Pe-Ca-Mr-0 system the investigation 
has been carried out only for PeO-CaO-IInO type slags, 
thermodynamic model in each case requires activity- composition 
data for the respective slag systems. Therefore, a detailed 
literature survey has been carried out for each system to 
obtain the data for thermodynamic calculations. 

3.2 Equilibria in Silicon-Manganese Deoxidation 

3.2.1 literature review on Pe-I^fci-Si-Q equilibria 

24' 

Bell et al studied the distribution of manganese 
and oxygen between molten iron and PeO-IfoO-SiOg slags. Prom 
this equilibrium data, activities of MnO and Si02 in WiiO-Sio 
slags were determined. They calculated the manganese concen- 
tration at 1500°C from 

^ = 3.8(E PeO) 

mo 


(3,2.1) 
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where , 


3.8 X Y 


K 


PeO 


■Ma 


Y 


MnO 


2 jy&io = Total manganese oxide content of the deoxida- 
tion product 

2 PeO = Total iron oxide content of the deoxidation 
product. 

The equilibrium silicon is given as. 


io Si = 4.5 

that 


^SiO. 


( 3 . 2 . 2 ) 


(2 PeO) 

mth the assumption^activity of PeO is proportional to weight 

percentage PeO. The results of equations (5.2.1) and (3.2,2) 

were lower when compared with those of Hilty and Crafts. 

Highest silicon contents were obtained with a silica saturated 

PeO-mO-SiOg slag in equilibrium with manganese, in steel, 

Abraham et al^^ measured activities of MnO in silicate 

melts. The activity of MnO in Mi0~Si02 were substantially 

greater than those estimated by Bell et al^^ at 1550®C. This 

was attributed to the simplifying assumption made by Bell and 
24 

coworkers that was unity in Pe 0 -Mn 0 -Si 02 ~Mg 0 slags. 

Prom the activity data of Pe0-Si02 and I'to0-Si02, they further 
calculated aj^o^^PeO ^^tio using the ideal mixing laws 
proposed by Richardson and obtained activity values that 


were comparable with the experimental results of Bell et al. 

Scimar^^ obtained the activity-composition diagram 
for the ternary system Pe0-Mn0-Si02. Activities in the 
binaries PeO-MnO, PcO-SiOg and .f&iO-SiOg were plotted in the 


24 
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liquidus range, . The e3cperimental data obtained by 

24 

Bell et al and that of Chipman and Winkler were incorporated 
and the activity curves for BeO and MnO were obtained by 
extrapolation assuming slight positive deviation. The dia- 
gram thus obtained was used in deoxidation calculations. Prom 
the known slag composition the composition of metal and the 
amount of deoxidisers (Si and Mi) to be added could be found, 
Walsch and Ramachandran^'^ used the data of Hilty 
and Crafts on the oxygen solubility in liquid iron containing 
Si and Mn and the activity data of Chipman and Winkler on the 
activity of MnO-SiOg melts to obtain the expression, 

(3,2.3) 


^ 12700 ^ c n ^ 

log = - 6.85 + tMt" " ^-5 17 


Si 

Bell^® calculated activity of ferrous oxide in BeO- 
Mn0-Si02 slags using silica crucible for silica saturated 
slags and magnesia crucible for slags without silica satura- 
tion. Brom the slag metal analysis they calculated 
Using the data from Be0-Si02 and Mn0-Si02 binaries, from 
ideal silicate mixing model they calculated activities of MnO, 
Si02 and BeO. Their experimental data confirmed the applica- 
bility of ideal mixing laws. Brom this they calculated man- 
ganese and silicon in equilibrium with oxygen, which allowed 
the determination of composition of the deoxidation product 
for a given residual manganese and silicon content. 

pQ 

Bischer and Bardenheuer ^ did experiments at 1530°C, 
1600°C and 1700°C to study the slag metal equilibria in 
system Be0-Mn0-Si02. They obtained activity of BeO for a 
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given saturation in PeO-MnO solid solution. Their activities 
of PeO and I/EnO in relation to activity of SiOg at 1530°C are 
given in reference 42. 

30 

Meysson and Rist applied the ideal silicate mixing 
model to the PeO-I'toO-SiOg slag system. They used the activity 
composition data of the binaries Pe 0 -Si 02 and SiO^-J^tiO and 

po 

the experimental data from Bell They accounted for the 
deviations from ideality. The experimental data points 
showed a considerable scatter from the isoactivity curves 
obtained by calculation. 

51 

Herty and Pitterer found that the fluidity of liquid 

slag is governed by an optimum Mi/Si ratio in deoxidations 

with manganese and silicon, A ratio between 4 and 7 gives 

31 

fluid silicates. According to Korber and Oelsen the Mn/Si 

ratio needed to obtain fluid silicate decreases with increasing 

silicon and manganese contents, 

32 

Pujita and Maruhashi carried out experimental work 
on equilibrium between molten iron and PeO-MnO, PeO-iy&iO-SiOg 
slags at 1560°C in a rotating crucible furnace. Prom the 
slag-metal equilibria on PeO-MnO and the heat of fusion of PeO 
they determined the heat of fusion of ly&aO. They applied 
regular solution model to the PeO-MnO-SiOg slag and obtained 
the interaction parameter values for the Pe0-Mn0:0, PeO-SiO 
and MnO-SiO by regular solution equation. The iso activity 

linos obtained for MnO and PeO agreed well with the expert- 

28 

mental data of Bell. However, the agreement was not good 
for silica activity. The values of activity of Si02 were a 
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little lower than found e25)erimen tally. They calculat'ed 
the equilibrium Mn,Si and 0 in metal for a given slag compo- 
sition and observed that for a given manganese in iron, the 
oxygen in iron decreases with silicon. Por a given silicon 
content the oxygen in iron remained constant, if the product 
formed is solid silica + (PeO - MnO - SiOg) melt. If the 
product formed is silica saturated Pe0-Mn0-Si02 slag then the 
oxygen in iron decreases with manganese for a given silicon. 

Sommerville et al"^ applied regular solution theory 
to the PeO-MnO-SiOg slags as done by Pujita and Maruhashi.^^ 

Ihe interaction coefficients used for Pe0-Si02, Ma0-Si02 and 
PeO-MnO differed to some extent due to the different choice of 
standard states. The activities of PeO and MnO obtained by 
them agree well with experimental data. Activity coefficients 
Ypeo "^MnO expressed as functions of the composition 

of the slag as, 

log Ypeo Xsi02 ^O^SiOg + (3.2.4) 

log Yj^q = - 2.2 ^si02 “ ^ ^Pe0^Si02 (3.2.5) 

where = mole fraction of component i. 

34 

Jacquemot and Gatellier have experimentally 
studied the manganese, silicon, oxygen equilibria in metal 
after deoxidation by manganese and silicon. It was observed 
that decantation of inclusion becomes very fast when Mi/Si 
ratio is 5, fhe mathematical approach to obtain the equili- 
brium contents of manganese, silicon and oxygen in iron from 
the slag composition of Pe0-Ma0-Si02 slag was discussed and 
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tt e results of ttie rarious workers on i'e-Mn-Si-0 equilibria 
were .compared , 

Wanibe lashimoto et al^^ determined activity of PeO 
in the PeO-MnO-SiOg slags in the temperature range 1250 to 
1550®0. They obtained activity of PeO by measuring the acti- 
vity of oxygen in a bath of silver in equilibrium with molten 

slag using solid electrolyte. 

'56 

Pujisawa and Sakao have studied the quarternary 
Pe0-]yin0-Si02--Al20j as an extension of the work of Sommerville 
et al.^^ Experiments were conducted with Al20^ saturated 
MO-SiOo-ilnO^-PeO slag in equilibrium with molten iron. 

d ti 0 

Using these data along with the data from the ternaries the 
Regular solution model was applied to the above quarternary 
to obtain, 


log YpeQ 


^Si02 " ^0^Si02 


+ 0.55 ^ + 0.25 


+. 0.11 


( 3 . 2 . 6 ) 


= - 2-2 4o 2 - WsiO^ 


- 0.55 ^peO^llO^ 5 ” .5 


(3.2.7) 


"^SiOg " " ^ReO “ ^0 *■ ^ilO^ 5 " ^PeO^O 

- 2.65 2:pe0^A10^ ^ ^MaO^ilO^ ^ (5.2.8) 

where, 

= activity coefficients of component i 
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X. = mole fraction of component i. 


It should be observed that v/hen = 0, the equations 

1 »5 

(3.2.6) and (3.2.7) reduce to equations (3.2.4) and (3.2.5) 

33 

obtained by Sommerville et al for Pe0-Mn0-Si02 ternary system, 

Zorousic Ljubljana obtained deoxidation 
balance of the steel melt with IM, Si and as well with Mn, Si 
and j&l, using equation (3.2.3) of Walsch and Ramachandran,^'^ 
Ihe activity of oxygen as a function of activity of silicon 
and manganese was expressed as 


^o(- 9170/1 + 2.585) 


" (h h )°-25 

Si 


(3.2. 


for the equilibrium Si^, ^ and 0 the interdependence was 
given by, 

^62076 oo\ 

UlTOip 21 .82; 


h, 


0 




- 10.34) 


+ 10 


(3.2, 

Composition of the inclusions formed in the equilibria Re-Mn- 
Si-0 was calculated and compared with experimental results, 
showed good agreement. 
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Palmaers et al proposed thermodynamic models on 

deoxidation by manganese and silicon involving ReO-MtiO-SiOg 

type products and Ma-Si-iU. involving MO-SiOp-AlpO, type 

26 ^ ^ b 

products. Using Scimar’s activity data for ReO-MnO-SiOg slag 
with changed reference state of liquid MnO to solid MhO 
obtained the following functional forms, 

^ReO ^ ^1^^ReO» ^Si02’ 


9) 


-0.25 

10 ) 


( 3 . 2 . 11 ) 
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“ ^2^^5’eO’ ^Si02' (3.2.12) 

^SiOg ~ ^5^^1’eO* ^]yEriO» ^Si02^ (3.2.13) 

In the range where %e0 = O-O to 0.4 the following relation- 
ship was found valid 


®’Mn0*^Si02 ~ ^1^^^ (3.2.14) 

Itom equilihrium considerations the activity of oxygen as a 
function of activities of manganese and silicon was given as 


h, 


0 


/ ^l(^) • Sh. • 
* ^si 


(3.2.15) 


where, and Kg^ are the equilihrium constants for 

^ + 0 = I'feLO(s) 


and j§i. + 20 = Si 02 (s) 

reactions respectively. 

39 

Gaskell recalculated the activity of I&iO in Mn0-Si02 

melts from the activities of manganese at 1500°C and 1600°C 

as obtained by Smith and Davies. The recalculated values of 

activity of MnO are as much as 25?^ lower than the original 

25 59 

value reported by Abraham et al. Gaskell obtained activity 

of MnO using Polymerisation model of the binary silicate 

melts and found good agreement with experimental data. 

Rankin^*^ observed that the activity data for MnO-SiOp 

25 

system obtained by Abraham et al and Richardson and Mehta 
closely agreed except that the latter study indicated a 
higher silica saturation level. The latter work is in agree- 
ment with Rankin’s own calculation of activity of MnO, 
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Rrtikin recalculated tlie data of Snith and Davies keeping in 
view the higher saturation level of SiOg and found that acti- 
vity of MnO differed only slightly when compared with values 
39 

of Gaskell. However, the activity of Si02 values were signi- 
ficantly different. 

in view of the above uncertainties in activity of kfaO, 
41 

Hao and Gaskell have performed equilibrium studies on K&iO- 
Si02 slags at 1400, 1500 and 1600°C. It was observed that 
the activities of MiO obtained were significantly lower than 
the previous studies, although exact agreement existed between 
activity of MnO at silica saturation obtained in their study 
and that measured by Mehta and Richardson. Good agreement 
existed between the corresponding silica solubilities, 

3.2.2 Scope of present work in Re-Mi-Si-O equilibria 

In the present study the data source of Abraham et 

25 - 

al (fable 8) have been used for the Mn-Si deoxidation forming 

Mn0-Si02 type slag. However, it is possible to use the data 

41 

of Gaskell et al in the same calculation. For Ma-Si deoxi- 
dation producing complex slag of the type Pe 0 -Mh 0 -Si 02 , it is 
difficiHLt to make decision as to which data source is coxrect. 
So the calculation was done using all the data sources. 

These data sources are compiled in fable 9. fhe various 
activity-composition diagrams obtained for ttLe slag system 
f'e0-Mn0-Si02&^® given in Figure 9 to Figure 11. Rrom the 
first three data sources, the points where the three isoacti- 
vity curves of FeO, MnO and Si02 meet are marked and their 
corresponding mole fractions are found. This is compiled 
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TaTjle 8 

i.CTIYITY-COI'tPOSlTIOlT DATA FOR mo-SiOg SLAG 


T 


Tenperature 


1500°C 


1650°C 


i 

-J 

I ^HiO 

r 

^Si02 

! ^MtiO 

t . 

^Si02 

0.45 



0.120 

0.905 

0.50 

0.215 

0.875 

0.175 

0.645 

0.60 

0.425 

0.380 

0.345 

0.290 

0.70 

0.825 

0.115- 

0.650 

0.090 

0.74 

1 .000 

0.070 

0.780 

0.055 

0.805 


— 

1 .000 

0.025 















■ig. 10. Bell’s isoactivity data for system Fe0-Mn0-Si02 
at 1550 °C. 
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Table 9 

ViillOUS SOURCES OP ACTIVITI- COMPOSITION DATA 
ONl^MhOTsio:™^ — ■ 


t 

Sl.No.i 

f 

« 

Authors 

— * — ‘-T“ 

S Basis of the data J 

f ! 

! f 

f- . . I 

Pigure 

No. 

T 

1 

{Table 

iNo. 

t 

T~ 

{Referei 

{No. 

t 

1. 

Scinar 

Analytical equations 
giving best fit 
lines of experimen- 
tal data 

9 

10 

26,43 

2. 

Bell 

Ideal silicate 
mixing theory 

10 

11 

28 

3. 

Ri^t and 
Me^^son 

Ideal silicate 
mixing theory 

11 

12 

30,34 

4. 

Pujisawa and 
Sakao 

Analytical equations 
developed for 

PeO-ffcO- Si02- AI 2 O ^ 


mm 

36 


quar ternary, using 
regular solution 
theory in which 
molofraction of 
Al 20 ^ is zero 
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1 . 0.123 0.521 0.356 0.600 0.460 0*070 

2 . 0.158 0.425 0.415 0.500 0.540 0.070 

3 . 0.219 0.144 0.637 0.200 0.620 0.070 

4 . 0.247 0,062 0,691 0.100 0,690 0.070 

5 . 0.110 0.644 0.246 0.700 0.310 0.100 

6 . 0.171 0.418 0.411 0.500 0.460 0.100 

7 . 0.281 0.062 0.657 0.100 0.540 0.100 

8 . 0.178 0.527 0.295 0.600 0.310 0.200 

9 . 0.260 0.294 0.446 0.400 0.380 0.200 

10 . 0.280 0.220 0.500 0.300 0.380 0.200 

11 . 0.212 0.705 0.083 0.700 0.080 0.300 

12 . 0.329 0.233 0.438 0.300 0.510 0.500 

13 . 0.356 0.144 0.500 0.200 0.310 0.300 

14 . 0.356 0.240 0.404 0.300 0.230 0.400 

15 . 0.390 0.164 0.446 0.200 0.230 0,400 

16 . 0.322 0.658 0.020 0.600 0.030 0.500 

17 . 0.363 0.507 0.130 0.500 0.080 0.600 

18 . 0.445 0.192 0.363 0.200 0.150 0.700 
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Table 11_ 

ACTIVITI-COMPOSITION DATA DOR PeO-ItiO-SiOg SLAG 
OBTAINED PROM BELD^^. PIGURE 10 

, 1 i v „ ^ w rn mm wm' ^ umm m r mm urn m i n'imn 


SI. 

No, 

*1 

i ^Si02 

r 





f 

i ^MiO 

f 

...f _ . 

^PeO 

CD 

O 

^0 

n — ' ' ^ 

i ^SiOg 

f 

_i 

1. 

0.260 

0.667 

0.073 

0.100 

0.500 

o 

o 

o 

2. 

0.233 

0.547 

0.220 

0.300 

0.400 

o 

o 

• 

o 

5. 

0.213 

0.427 

0.359 

0.400 

0.300 

' 0.100 

4. 

0.173 

0.280 

0.547 

0.600 

0.200 

0.100 

5. 

0.127 

0.334 

0.539 

0.800 

0.100 

0.100 

6. 

0.026 

0.120 

0.854 

0.430 

0.200 

0.200 

7. 

0,540 

0.200 

0.460 

0.500 

0.100 

0.400 

8. 

0.473 

0.347 

0.180 

0.200 

0,100 

0.800 

9. 

0.320 

0.107 

0.573 

0.600 

0.050 

0.400 

10. 

0.373 

0.127 

0.500 

0.500 

0.050 

0.600 

11. 

0,453 

0.507 

0.040 

0.050 

0.200 

0.600 


t 



ACTIVITY-COMPOSimON DATA FOR FeO-MnO-SiOg 
OBTAHTED TROM MEXSSOHaITd RIST^^ " FIGURE 11 


^Si02 

I 

t i 

^0 

I 1 

•^FeO 

[ 

^FeO 

I 

^MnO 












Table 15 

LIQUID RANGE IN -N^O 


£-2. 


TYPE SLAG 


T 


^stem 


Temperatizres 

oQ 


liquid range in 
weight percent 

Erom ! To 

L 


Figure 

No, 


MaO-SiOo 

1500 

, 22.73 

48.18 

12 

Cm 

1650 

18.18 

52.72 


Ca0-Si02 

1500 

44.29 

65.71 

13 

Ca0-AL20^ 

1500 

44.35 

54.78 

14 
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4CC./V0. /' s^30a.4,,. 

(Table 10 to Table 12) and used in the thermodynamic model to 
obtain the corresponding equilibrium manganese, silicon and 
oxygen in iron. 

In the Ccue of the fourth data source, that of Euoisawa 
56 

and Sakao, a separate calculation was adopted to -ufind the 

activities of feO, MhO and Si02, using the expressions in 

equations (3.2.6) to (3.2,8), in which X ^ = 0. These 

■^^ 1.5 

expressions are capable of finding activities of three compo- 
nents corresponding to a given set of slag composition within 
the liquid regions. This is accomplished by multiplying the 
activity coefficients of each component by their respective 
mole fraction. Thus, 


PeO 

- Y 

“ 'PeO * 

^PeO 

(3.2.16) 

Wo 

''^MnO * 

^rfciO 

(3.2.17) 

•SiOg 

Si02 

* ^Si02 

(3.2.18) 


from the activity data so obtained the equilibrium manganese, 
silicon and oxygsn in steel may be found using the general 
thermodynamic model developed for all the data sources, 

Pigure 9 was enlarged and redrafted from the 
original source^®. Pigure 10 was obtained by superimposing 
three images^^»^^ and redrafted after magnification. 

3.2,3 Thermodynamic model for Mn-Si deoxidation involving 

Ifeo-Ho^lag 

The reactions taking place by simultaneous deoxida- 
tion by manganese and silicon are 
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, Jtl + 0 

= I''[nO ( s ) 

(3.1) 

^ + 20 

= Si02(s) 

(3.2) 

equilibrium t ^nstants for the above reactions 

are given as 

^Kh = 

^MnO 

(5.3) 

^Mh ^0 

^Si = 

^SiOg 

hgi hg 

(3.4) 


and as function of temperature, arc given in Table 1. 
Prom equations (3.3) and (3.4), 


MuO 

^3i0. 


ILgi tlg^ 


(5.5) 


It is known that 


^Mn “ ^Mn ^ 


(3,6) 


^Si “ ^Si 


(3.7) 


h. 


0 


fo wo 


"Mn 


■Si 


■0 


10 


(e» X wife + e|j X WSi + X wo + X WO) 


(3.8) 


X WHti + X WSi + e°. x WC + e°^ x WO) 


10 ) 


0 


10 


(e^ X WMn + Gq^ x WSi + Bq x WC + Bq x ¥0) 


(3.11) 


Prom the activity-composition data for the slag system 
MnO-SiO^, Table 8, third order polynomial regression equations 


are obtained between 
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log(h^) 

^Si02 

Versus 

log 

^lyho 

“S 102 

Versus 

log 

^0 

los(^) 

^SiOo 

Versus 

log 

^SiO, 


reported 

For a fixed value of TOfo., WSi, WC and the ^temperature of th* slag 
activity data, the values of fQ can be calculated 

using equations (3.9) to (3.11) and Table 2. initially the 
terms (e^ x WO), where i = ilh. Si and 0 are assumed to be 
zero. Using equations (3.6) and (3.7), bj^ and hg^ values are 
found subsequently. These values of hjy^^ and hg^ in equation 
(3.5) give the value of "tbe logCa^y^g/ 

agio ) and. using the regression equations, the values of 


®T4nO 


and a 


SiO, 


are found. 


Prom equations (3,1), (3.3), (3.8) and (3.11), 


WO 


^ilnO 


^0 ^jyh 


( 3 . 12 ) 


The value of WO obtained from equation (3.12) is iterated back 
to refine fjyj,^, fg^ and fg till two consecutive values of WO 
agreed within less than 0.5% error. The calculation procedure 

g 

adopted here is an improvement on that done by Bagaria for 
the same system. ®he procedure is simple as 

it avoids the Uewton-Raphson ' s technique ana 
converges faster. The regression equations used in the 
present work are higher order polynomials which gave better 
fit with less than 1% error. The calculation can 
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otart with, any initial value of weight percent manganese 
and silicon. The calculation here was limited hy the 
liquid range of the MnO-SiOg phase diagram. The range is 
given in Table 1 

The same model was modified to calculate WO, for a 
and 

fixed WMh value /_ fixed WHn/WSi ratio as, 

V/Si = WlW^^atio (5.13) 

Computer programs for the above model is given in the Appendix 2. 


5.2*4 T'hPT-mnf^ vn amic model for Mn-Si deoxida tion involving, 
PeO-MnO-SiO^ slag 

The basic reactions involved in forming complex slags 


of PeO-MnO-SiOg are, 

Pe + 0 = PeOCs) 

I 

^ + 0 = MaO(s) 

Si + 20 = Si02(s) 


(4.1) 

(4.2) 

(4.3) 


The equilibrium constants for the above reactions inay be 
written as follows 


^PeO 


Since iron is the solvent aj,g — 1 




^PeO 

ho 

(4.4) 


^Ifci 


(4.5) 


^0 ^ 


Esi 

^Si02 

(4.6) 

and 

= . ^2 

Ugi Hq 
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The equilibrium constants and as a func- 

tion of temperature arc compiled in Table 1. The calculation 
is valid within the liquid region of the ternary phase dia- 
grams. The data from the three sources are compiled in Table 
10 to Table 12. 

For a fixed slag composition and knovn values of 
h.Q is found using equation (4.4). This substituted in equa- 
tions (4,5) and (4.6) along with a^yj^Q and values respec- 

tively, gives hj_^ and bg^. Now, 


log h, 


0 


log h. 


'Mu 


log hgj^ 


log WO + ©Q X WO + X WSi + e^ x Wki + Bq x WC 

(4.7) 

log WO + e^ X WO + e^ X WSi + x Wh + x WC 

(4.8) 

log WSi + X WO + egj X WSi + e^ X Wife + x ¥C 

(4.9) 


Using the interaction parameter values in Table 2 and 
for a fixed value of WO and temperature the above three equa- 
tions can be solved simultaneously using Newton-Raphson' a 
technique for the unknown values of WO, WHn. and WSi. 
Bagaria's^ calculation procedure was adopted for solving WO, 
WMn and WSi. Computer program and the results of the above 
calculation are compiled in the Appendix 2. 


3.3 Tg qnpTibria in Calc ium- Silicon I)eoxidat;Lpn. 

3.3.’' ghoic c of activity data. 

Baird and Taylor havo found activity of Si02 in the 
Si 02 - 0 a 0 slag sjysteni by measuring the reaction pressure in the 
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system 


SiOg + 30 = SiC + 200 


at 1450, 1500 and 1550°0. 


The activity- composition 


curve here is wel^ established upto about =0.6 above 

a 2 

which there is^scatter. The activity curves obtained by pre- 
vious workers were somewhat flat compared to the work by Baird 
44 sl 

and Taylor, who obtained^ smoother and steep curve till 

silica saturation. In the low silica range the data of 

Richardson et al and Oarter et al were more reliable, 

Kay and Taylor"^^ have obtained more accurate results 

in CaO-SiOg system. It was observed that above ^SiOg “ 

the curve is altered. On analysing the activities at 1450, 

1500 and 1550°C it becomes that for a 50°C rise 

is 

in temperature the activity of silica^decreased by a factor of 
0.89. Using this fact they obtained activity data at 1600 °C. 

Sharma and Richard son^^ experimentally determined the 
solubilities of calcium sulphides in melts of lime and silica 
at 1500 and 1550 °C. The results were used to calculate acti- 
vities of lime and silica in binary lime silica melts. The 


results agreed with previous workers, 

Timucin and Morris obtained the activity of BeO 
for Pe0-Ca0--Si02 system at 1450 and 1550 °C by equilibrating 
mixtures of calcium silicate, calcium ferrite , iron silicat. 
lime silica, and analysing the samples by metallographic 
and X-ray diffraction techniques. Here the FeO is expressed 
as total iron oxide (Be^"^ + Be^"*") . !^he activities of Si 02 
and CaO were found by G-ibbs Duhem integration. 
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Kapoor and Probberg^® obtained the isoactivity curves 

for the Pe 0 -Ca 0 -Si 02 based on statistical thermodynamic 

treatment. The equations for this ternary and Ca0-Si02 binary 

slag melts at 1600°0 were derived. 

49 

Masson has applied the ionic polymerisation theory 
on the Ca0-Si02 and PeO-CaO-SiO^ slags. 

Wanibe Yoshimoto et al^*^ determined electrochemically, 
the activ ity of PeO for the system Pe0-Ca0-Si02 at tempera- 
tures 1250 to 1350°C and at 1550^0. 

In the present work, the data of Sharma and Richardson 
at 1500°C (Table 14) have been used for the equilibria giving 
the product slag of the type Ca0-Si02. Por the Pe-Ca-Si-O/ 
Pe0-Ca0-Si02 equilibria ,the data of Timucin and Morris^"^ have 
been employed (fable 15). 

The Pe0-Ca0-Si02 diagram in Pigure is obtained by 
superimposing, two diagrams given by Turkdogan which was 
enlarged and redrawn^ The activity- 

composition data were obtained in similar manner done for 
Pe0-]yfn0-Si02 system in Section 3.2.2. 

3.3.2 Thermodynamic model for Ca-Si deoxidation involving 
CaQ-Si 0 2 slag 

The reactions taking place due to the simultaneous 
deoxidation by calcium and silicon are, 

^ + 0 = CaO (2.1 ) 

^ + 20 = Si02 (2.2) 

The equilibrium constants of the above reactions may 


be given as. 



Table 14 


ACTIVITY- COMPOSITION DATA POR Ca0-Si02 
SLAG AT 1500°C 


dii 

^CaO 

’T 

f 

i ^CaO 

f 

1 

f 

' "T 

j ^SiOg 

1 

1. 

0.366 

0.0017 

1.000 

2. 

1.410 

0.0022 

0.850 

3. 

0.420 

0.0024 

0.810 

4. 

0.460 

0.0033 

0.620 

5. 

0.500 

0.0055 

0.390 

6, 

0.520 

0.0074 

0.290 

7. 

0.550 

0.0120 

0.160 

8. 

0.577 

0.0240 

0.069 



T- CM 


Taljle 15 


ACIIVITY-COMPOSITIOIT DATA K)R PeO-CaO-SiOp 

— 4 

SLAG- at 1550° C. PIGUEE iq 


SI. { 

.I... 

^CaO 

i ^SiOp ! 

^ReO 

i ^SiOp I 

^CaO 

i ^FeO 

1 

1. 

0.194 

0.073 

0.733 

0.900 

0.120 

0.0005 

2. 

0,307 

0.093 

0.600 

0.800 

0.200 

0.0005 

3. 

0.073 

0.140 

0.787 

0.900 

0.006 

0.1000 

4. 

0.073 

0.233 

0.693 

0.800 

0.700 

0.2000 

5. 

0,400 

0.287 

0.313 

0.600 

0.100 

0.0500 

6, 

0.173 

0.300 

0.527 

0.700 

0.006 

0.2000 

7. 

0.127 

0.347 

0.52,7 

0.600 

0.002 

0.4000 




Cristoboliie * Liquid 
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Fig. 15. Activities of oxides in Fe0-Ca0-Si02 metts 
at 1550 °C 
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E, 


Ca 


^Si 


^CaO 

(2.3) 

Ca % 


^SiO^ 

u2 

(2.4) 


^Si “0 


OJlie equili’brium constants Eq^^ and Eg^ as functions of tempera- 
ture are given in Table "I . 

Ttom equations (2,3) and (2,4), 


2 ir2 1-2 

^CaO _ (ISS) ICa 
^SiOo ~ ^Si ^Si 


(2.5) 


It is knovyin that 


■Ca 


Si 


“0 


^Ca = 
^Si = 


"0 


f^ X ¥0 


10 


(ell ^ + ®at ^ + ®0a ^ ®0a ^ 


( 2 . 6 ) 

(2.7) 

( 2 . 8 ) 

(2,9) 


10 


(ell ^ (2.1 


0 ) 


10 


C T.rn 1 ^9 ^ ^/o) 


(Bq^ X WCa + Bq X ¥Si + eo X WC + Sq 


X 


( 2 . 11 ) 


Irom the activity-composition data for CaO-SiO^ system 
(Table 14), fifth order polynomial regression equations are 
obtained between the following quantities. 


log(-^^) ’'^e^sus log 
^SiOg 


logC^^aa.) Versus log bq^q 
^SiOg 
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Versus log 


The regression equations gave a very good fit with the experi- 
mental data with error in the range 

For a fixed values of WC, WCa, WSi and the temperature 
of the activity-composition data, ^0 

found using Table 2 and equations (2.9) to (2.11). Initially 
the terms (e^ x WO) where i = Ca, Si, 0 are assumed zero. The 
^Si ^Ca calculated using equations (2.6) and 

(2,7). Prom these values ^^CaO'^^SiO ^ calculated using 

' p 2 

equation (2.5). Taking ^QaO'^^SiO ^ using the regres- 
sion equations, values and a^^^ are found. 

Using equations (2.3), (2.8) and (2.11), 




( 2 . 12 ) 



The values of WO obtained from equation (2.15) is iterated 
back to refine fQ^, fgjj_ and fg till two consecutive values 
match with less than 1% error. The calculation was performed 
only in the liquid range of the Ca 0 -Si 02 phase diagram, which 
is given in Table 13. 

Due to the uncertainties of Cq^ and e^^ values the 
henrian activities are more reliable than the weight percen- 
tages, The above model works when the e^^ and values of 

9 

Sponseller and Plinn are used. Avoiding, the use of interaction 
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parajneter values, th.e sane model calculates h.Q value for 
fjxed initial values of and h.^ using equation (2,5), 
regression equations and (2,12), Computer program for the 
above model is given in Appendix 2, 




hgi hg 


(3.6) 


The equilibrium constants Kq^ and Kg^ as functions of 

temperature are compiled in Table 1 , The calculation is 
valid only in the liquid region of the ternary phase diagram. 
The data for the Pe0-Ca0-Si02 system is compiled in Table 15. 
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Por a fixed slag composition and known values of 
using equation (3.4), hQ is found, Shis if substituted in 
equations (3.5) and (3.6) along with and ag^Q values 

respectively, gives and hg^,. Now, 


log 

^0 

= log 

wo + 

0 0 

<D 

WO + 

.Si 

eg X 

WSi + 

Ca 

®0 ^ 

WCa + 

eg X WC 












(3.7) 


log 

^Ca 

= log 

WCa + 

0 

®Ca 

X WO 

+ e^i 
^ ®Ca 

X WSi 

Ca 
+ ®Ca 

X WCa 


WC 











(3.8) 


log 

hgi 

= log 

WSi + 

0 

®Si 

X WO 

+ e^^ 
®Si 

X WSi 

«Ca 
+ ®Si 

X WCa 

C 

+ ®Si ^ 

WC 











(3.9) 



Using the interaction parameter values in fable 2, for fixed 
values of v/C and temperature, the above three equations can be 
solved simultaneously for WCa, ¥Si and WO using Newton-Raphso \ 's 

C 

technique done previously by Bagaria. fhe above model works 

v/ith the values of eQ^ and e^^ recommended by Sponseller and 

9 Ca 0 

Plinn only. Due to the uncertainties in the e^ and e^^ values, 

the same model was altered to give hg value for an initially 

Ca 

assumed hg^ and hg^^ values. The use of high values of eg 
and eg^ gave erroneous results. Computer program and the 
results of the above model is compiled in Appendix 2, 

3.4 Equilibria in Calcium- Aluminiu m Deoxidation 

3.4.1 Choice of activity data 

Carter a’nd Macfarlane^^ investigated the sulphur 
equilibrium between CaO-AlgO^ slags and CO-CO 2 -SO 2 gas mixtures 
at 1500°0 and the results were applied to calculate the 
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activities of CaO and il^O^ in the system, was assumed 

to be constant. 

Shanna and Richardson^ determined the activity-compo- 
sition data for Ca0-Al20^ system at 1500°C! by a gas + slag 
equilibrium technique. They measured sulphide capacities and 
liiiiiting solubilities of calcium sulphide in melts containing 

lime and alumina. The results obtained are lower than that 

51 

of Carter and Macfarlane and Chipman, due to the assumptions 
made earlier. 

Faulring and Ramalingam^^ studied the inclusion 

precipitation diagram for the Fe-O-Ca-Al system. They obtained 

the relation between hQ^ and hQ in Ca0-Al20^ melts based on 

compound formation. Because of the uncertainties of e^^ and 
0 

values, they have expressed all results in henrian acti- 
vities. 

45 

In the present work the widely accepted data of 
Sharira and Richardson, Table 16, has been used. The data for 
FoO-CaO-ilgOj system is not available in the literature and 
hence the role of PeO in CaO-AlgO^ system could not be studied. 

5.4*2 Thor mod.ynamic mode l for the deoxi dation by Ca-il 

Ihe basic reactions taking place by the simultaneous 
deoxidation by calcium and aluminium are, 

Ca + 0 = CaO(s) (2.1 ) 

+ 30 = ilgOjCs) (2.2) 

The equilibrium constants of the above reactions may 


be given as, 
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K 


Ca 


^CaO 



AI2O, 
^A1 ^0 


(2.3) 

(2.4) 


i’he equilibrium constants and as functions of tempera- 
ture arc obtained from Table 1 . 

J?rom equations (2.3) and (2,4) 


"CaO 




(^)(^) 

^il 


(2.5) 


It is known that 


h 


Ca 


h 


'il 


fca 

fAl 


iQ = ^0 * 


( 2 . 6 ) 

(2.7' 

( 2 . 8 ) 


{ell ^ X W41 + egg^ x ¥C + x WO) 


•Ga 


■A1 


'0 


10 


^ WOa + X Will + X WO + X WO) 


(,eH® X WOa + x Wil + eg X WO + eg X ¥0) 

10 ^ ^ ( 2 . 11 ) 


iirom the activity-mole fraction data in Table 16, 


fifth order polynomial regression equations were obtained 
between 
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log( CaO ^ 


^AlnO. 


Versus log a. 


Ihe regression equations agreed well with the actual data with 

error in the range of 0.55*^. 

Por fixed values of temperature, WC, and for assumed 

initial values of WCa and Wil, the values f^^, f^ and Iq are 

calculated using equations (2.9) to (2.11) and Table 2. Idrom 

equations (2.0) and (2.7), and h^^ values are obtained. 

Using those values in (2,5), (5tQg_Q/a_^ q ) can be determined, 

3 2 3 

Using the log(a ^^^/ q ) in the regression equations, ^ , 

2 3 2 3 

a», and values can be found. 


3 


From equations (2.3), (2.8) and (2.11), 


*^CaO 

— 

^Ca Ca 


( 2 . 12 ) 


and 

WO = (2.13) 

^Ca Ca 0 

The value of WO obtained from equation (2.13) is 
iterated back to refine f^ and fQ values till the succ- 
essive values of WO agreed within less than 15^ error. The 
calculations in the above model was limited in the liquid 
rang© of the CaO-ilgOj phase diagram. Figure 14. The liquid 
range is given in Table 13. 

Cct 0 

The above model works well with the Sq and e^^ values 
recommended by Sponseller and Flinn? 3>ue to the uncertainties 
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of the Bq and values the above model was modified to 
calculate Iiq for a given initial h^^ and h^ values. This is 
accomplished using equation (2,5), regression equations ai^ 

equation (2.12). The computer program for the above model is 
given in Appendix 2. 

^ ‘ ^ OalciuTn.-»Manganese Deoxidation 

3.5.1 Choice of activity data 

liberg and Muan^^ have determined the activities of 
FeO in temaiy solid solutions at 1100 °C by equilibrating 
FeO-OaO-r-taO solid solutions of known composition with metallic 
iron. From the activity of FeO obtained from experiment, acti- 
vities of CaO and MnO are found by Gibb's Duhem integration. 
They extrapolated their data to obtain the activity- composi- 
tion data for CaO-ltiO binary which showed a positive devia- 
tion .from ideality. This is the only data available on CaO-jykiO 
systeu. The authors are themselves not certain about the 
activity data of the CaO-JyfciO binary. 

In the present work, the data for the system FeO-CaO- 
i'toO has been used to study the Fe-Ca-Mn-O equilibria. Due to 
the uncertainty in CaO-MiO activity-composition data the 
equilibria with CaO-ItiO slags has not been studied. The 
ternary activity composition diagram given in Figure 16 is 
obtained by superimposing two images which was enlarged and 
redrafted. The activity-composition data for this system was 
found in a similar manner as was done in Section 3.2.2 for 
FeO-MnO-SiOo slags. The data are compiled in Table 17. 
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Fig. 16. ' Activities of oxides in FeO-CoO-MnO melts 
at 1100 ®C. 
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latile 16 


ACTIVITY- 

.COMPOSITION DATA FOR 

CaO-AlgO^ 


SLAG AT 

1500®C 


SO., 1 

i - 

^aO ! 

- 1 

®Ca0 

f 

j ^Al203 

1. 

0.58 

0.21 

0.150 

2, 

0.60 

0.25 

0.115 

3. 

0.62 

0.30 

0.085 

4. 

0.64 

0.38 

0,060 

5* 

0.66 

0.50 

0.040 

6. 

0,68 

0.67 

' 0.025 

^ 

Q.>.a 

.1.^.QQ 

0-007 -- 



lable 17 

ACTIVITY-COHPOSITIOIT DATA POR PeO-CaO-I^O 
SLA& AT 11030c 


T i 1 1 i r 

I » I t « r 


SI. 

No. 

^CaO 

; ^0 

t 

t 

i ^PeO 

1 

t 

i ^PeO i 

t 1 

t ^ L 

®Mio i 

1 

1 

^CaO 

1. 

0.030 

0.892 

0.078 

0.100 

0.900 

0.100 

2. 

0.083 

0.775 

0.H2 

0.200 

0.800 

0.200 

3. 

0.192 

0.750 

0.058 

0.100 

0.800 

0.400 

4. 

0,125 

0.642 

0.233 

0.300 

0,700 

0.300 

5. 

0.267 

0.617 

0.116 

0.200 

0.700 

0.500 

6. 

0.383 

0.575 

0.042 

0.100 

0.700 

0.600 

7. 

0.108 

0.542 

0.350 

0.400 

0.600 

0.300 

8. 

0.225 

0.525 

0,250 

0.300 

0.600 

0.500 

9. 

0.133 

0.433 

0.434 

0.500 

0.500 

0.300 

10. 

0.033 

0.417 

0.550 

0.200 

0.500 

0*100 

11. 

0.633 

0.308 

0,059 

0.200 

0.500 

0.800 

12. 

0.042 

0.325 

0,633 

0.700 

0.400 

0.100 


Continued, , , 
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Table 17 (Continued) : 


SI. 

No, 

i 

! 

I 

? Y ^ 

1 ^0 } 

t ? 

» ? 

^TeO 

i ^TeO 
! 

? 

i ®MnO 

? 

i ^CaO 
! 

f 

13. 

0.108 

0.342 

0.550 

0.600 

0.400 

0.300 

14. 

0.250 

0,342 

0.408 

0.500 

0.400 

0.600 

15. 

0.517 

0.283 

0.200 

0.400 

0.400 

0.800 

16. 

0.108 

0.258 

0.634 

0.700 

0.300 

0.300 

17. 

0.208 

0.275 

0.517 

0.600 

0.300 

0.600 

18. 

0.083 

0.183 

0^734 

0.800 

0.200 

0.300 

19, 

0.183 

0.200 

0.617 

0.700 

0.200 

0.600 

20. 

0.342 

0.210 

0.448 

0.600 

0.200 

0.800 

21. 

0.050 

0.083 

0.867 

0.900 

0.100 

0.200 

22. 

0.167 

0.075 

0.758 

0.800 

0.100 

0.600 

23. 

0.842 

0.058 

0.100 

0.600 

0.100 

0.900 
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3. 5. -2 Thennod.vnamic model for deoxidation "by Ca-Mo. 

Ijivolving PeQ^-CaO-MriQ slags 

The reactions involved in the deoxidation hy calcium 
and manganese to produce PeO-CaO-MtiO slags are, 

Pe + ^ — JeO^s) C2 • 1 ) 

Ca + 0 = CaOCs) (2.2) 

^ + 0 = MnO(s) (2.3) 

The equilibrium constants for the above reactions may be given 
as 


K 


■Fe 


^PeO 


^0 ^Fe 


since iron is the solvent a^^ 1 , 


K 


Fe 


FeO 


h 


K 


■0 


VaO 


■Ca 


and 


K 


■Hn 


^Ca ^0 




(2.4) 

(2.5) 

( 2 . 6 ) 


The equilibrium constant values as a function of 
temperature are given in Table 1 . Por loiom slag composition, 
using the a^^Q value in equations (2.4), the hQ value is 
found. The hQ value with the values of Sq^q and a^Q in 
equations (2.5) and (2.6) respectively gives hQ^ and h^^ 
values. Now, 

log hQ = log WO + ej X W) + e^ X + eQ^ x WCa + Sq x WC 

(2.7) 
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log ^Ca ~ WCa + x ¥0 + x Wki + x WCa + x WC 

( 2 . 8 ) 

log = IvOg WKa + X wo + X ¥tti + X WCa + X WO 

(2.9) 

Por the fixed temperature of the activity data and 
for fixed value of WC, the equations (2,7) "to (2.9) are 
solved simultaneously for WCa, WMn and ¥0 using the same proce- 
dure as was done by Bagaria^ and in Section 3.2.4. The inter- 
action parameters used were those compiled in Table 2. The 
and e^^ values used were those of Sponseller and Plinn,^ 

The computer program for the above model is compiled in 
Appendix 2. 

3.6 Results and Discussions 

The equilibrium oxygen in metal has been calculated 
assuming either the formation of type product or 

Pe0-]yi^0y-Rp0q type product. The details of the results obta- 
ined are presented below. 

( a ) Complex deoxidation bv Mn. Si_ and Ca involvfaa 0 

ty-pe sla^ 

The results of Si-Mn, Ca-Si and Ca-Al deoxidations 
giving the products Si 02 “^ 0 ) Ca 0 -Si 02 and CaO-AlgO^ are shown 
graphically in Pigure 17 to Pigure 20. In the case of Si-lto. 
deoxidation, Pigure 17, for a fixed manganese in steel hyper- 
bolic dependence of oxygen on equilibrium silicon is observed. 

The results are given for two different temperatures at 
which the activity data are available. The results showed that 
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the equilibrium oxygen increased with the rise in temperature 
[ligure 1 8) . 

Por the Ca-Si and Ca-Al deoxidations the results of 
equilibrium weight percentages of Ca, Si, il and 0 has not 
been given due to the uncertainties in the Sq^ and e^^ values. 
The results are expressed in terms of henrian activities of 
Ca, Si, il and 0. In the case of Ca-Si deoxidation (figure 20^ 
for a given henrian activity of calcium hyperbolic dependence 
of henrian activity of equilibrium oxygen on henrian activity 
of silicon is observed. In the case of Ca-il deoxidation, for 
a given henrian activity of calcium, the henrian activity of 
oxygen decreases exponentially with henrian activity of alumin- 
ium, figure 21 . In the case of Si-Mn deoxidation, the henrian 
activities of the components involved are not very much diff- 
erent from the corresponding weight percentages. Hence, it is 
possible to compare the deoxt.dation power of the three systems 
Si-Mn, Ca-Si and Ca-Al with henrian activities as the criteria. 
The deoxidation power is greatest with Ca-Al followed by 
Ca-Si and Si-Mi. Both calcium and aluminium are strong 
deoxidisers, and they give lower equilibrium amount of oxygen 
in melt than in calcium and silicon as deoxidants. Since 
calcium is a stronger deoxidiser than manganese the equili- 
brium oxygen with Ca-Si as deoxidisers is lower than that with 
Mn-Si, The advantage of Car-Al and Ca-Si deoxidations over 
simple calcium deoxidation is that when calcium alone is used 
it vapourises, while it is not so when Ca-Al and Ca-Si 

are used. 
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In common practice Si-Efci as deoxidisers is preferred 

because it results in a fluid slag product oyer a greater range 

of composition and temperature and the inclusions formed are 

not very detrimental to steel properties. It has been sugg- 

tbat 

ested in literature^ [Mn]/[ Si] ratio should be between 4 and 7 
to get fluid slag. The effect of this ratio on equilibrium 
oxygen, silicon and manganese is given in figure 19. It is 
observed that as [Mn]/[Si] ratio increases for the same equili- 
brium content of Si in steel, the equilibrium oxygen decreases. 
Similar effect is observed for the same in manganese content, 
with increasing £Mn]/[SiJ ratio, figure 19 gives equilibrium 
oxygen values for selected points on the []yBi]/[Si] ratio 

axis . When this figure is compared with the results of 
37 

Jrlorousic it is found that the values of equilibrium oxygen 
obtained for similar Mn, Si and [Mi]/[Si] ratio are signifi- 
cantly higher in the present case. It may be attributed to 
the different calculation procedure adopted by Korousic, 
involving the expression ( 5 . 2 . 5 ), suggested by Walsch and 

27 

namachandran. I'he results obtained in the present study may 

16 

be compared with the results of Turhdogan. It is found that 
the present model gives lower contents of oxygen than predic- 
ted by I'urkdogan. for 0,8 weight percent manganese and 0.2 
weight percent silicon, the equilibrium oxygen is about 625 ppm 
lesser than that predicted by Turkdogan. This may be due to 
the different equilibrium constants used. 

Deoxidation using Ca-Mn, involving CaO-MiO as deoxi- 
dation product has not been attempted since there is no 





wt. pet. Silicon 


Effect of temperature on Fe-Mn-Si-O 
equilibria . 





Mn/Sr=6 Mn/Si = 



Wt. pet. I Silicon 



HCA = Henrian activity of 
Calcium 



0.25 0.50 0.75 1.0 1.25 1.50 1.75 2.0 2.25 2.50 

Henrian activity of Silicon 


was 


experimental activity-composition data available in the 

literature. Mn-Al deoxidation involving Ma 0 -il 20 ^ slag. 

Carried out using the activity-composition diagram given by 
55 

Jacob, However, reproducibility of results in the regres- 
sion analysis was poor due to the complex nature of their 
curves, hence this system was not solved. In the case of Si-il 
deoxidation, the product slag is solid at all compositions and 
the thermodynamic models in the present study are not appli- 
cable , 

(b) Complex deoxidation by Mi. Si and Ca involving 
complex PeO-M 0. -I 0 ' slags 

Ihe results of Mi-Si, Ca-Si and Ca-Mn deoxidation 
which give Pe0-Mn0-Si02 , Pe0-Ca0-Si02 and CaO-MtiO as the 
deoxidation product are compiled in Appendix 2. In each of 
the above cases graphical representation is not possible 
because for each set of activity values, unique values of equi- 
librium contents of oxygen and deoxidants exists. In the case 
of Ca-Si and Ca-Mn deoxidants, due to the limited number of 
activity data points available, only few scattered results 
are obtained. Work is being done on these systems to obtain 
analytical equations based on slag theories. In future this 
may enable one to calculate the equilibrium contents of the 
deoxidants and oxygen over the entire liquid range. 

Si-Mn deoxidation involving Pe0-Mi0-Si02 slags was 
extensively studied in the present work. As discussed in 
Section 3.2.2, three different sets of activity composition 
phase diagrams are available (lahLe 9). 3h the present work, 
the data from a T T three sources was used and the corresponding 
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results obtained are compiled in Appendix 2, The limitation 
here is again the small number of data points obtained from 
the PeO-MnO-SiOg, activity-composition diagrams. One may use 
analytical equations based on ideal silicate mixing or Regular 
solution model to obtain the activities of ReO, EhO and Si02» 
Due to the complexities of calculation involved in ideal sili- 
cate mixing equations, the analytical expressions based on 
regular solution model have been used in the present work. As 
explained in Section 3.2,2 the activity of ReO, J&iO and SiOg 
are obtained from equations (3.2.6) to (3.2.8), for any fixed 
slag composition within the liquid range of the temary phase 
diagram. At this stage it is difficult to justify which out 
of the four data sources compiled in Table 9 is the correct one 
to be chosen for the Mn-Si deoxidation involving ReO-MiO-SiOg 

slag . The thermodynamic model proposed for a study of this 

38 

equilibria by Palmaers et al was simulated using expressions 
based on regular solution model obtained in the present study 
in Section 5.2.2. It is found that the empirical relation 
given in equation (3.2.14) by Palmaers et al 

^ ^Si02 ^ Constant 

is not valid in the present study. This may be due to the 

fact that they employed the analytical expressions obtained 

26 

by Scimar for computer simulation of ReO-MnO-SiOg activity- 
composition diagram, incorporating a changed standard state 
of MnO (solid state instead of liquid). 
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CHAPIEU 4 
OOHOLUSIOFS 


Deoxidation equilibria in systems containing manganese, 
silicon, aluminium and calcium involving slag produict 
of the types DeO-M 0^^, -N 0„, PeO-M 0 -N 0 (M, M" = 

Mn, Si, il, Ca) has been studied, using the activity- 
composition data of the respective slags through effi- 
cient computer oriented thermodynamic calculation models. 
The activity-composition data for the various slags 
involved, PeO-M^Oy., M^Oy-JT^O^ and Pe'O-M^Oy-JT^O^ (M, N = 
Mn, Si, 41, Ca) has been reviewed. 

The formation of ^®0-M^0y type coii: 5 )lex deoxidation 
product significantly influenced the equilibria comp- 
ared to simple deoxidation with pure oxide as the slag. 
The equilibrium contents of the deoxidants decreases 
significantly in the presence of PeO in the slag. 

The increasing trend in the deoxidation powers as 
Ca-il > Ca-Si > Si-Mi was established. 

Por PeO-M 0 -N 0 type deoxidation product the equili- 
X y p q 

brium contents of the oxygen and the deoxidants M and 
N (Si, Mn., Ca) were found for various slag compositions. 
In the case of Mh-Si deoxidation involving PeO-MnO- 
SiOg slags, analytical e3q)ression obtained from regular 
solution model were employed, to calculate the activi- 
ties in the entire liquid range. These data were used 
\ 

to evaluate the equilibrium concentration of -deoxi- 
disers and the oxygen dissolved in liquid steel. 
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